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We investigate the charged pion photoproduction off the proton target with the A(1232) baryon 
in the final state, i.e. — >■ tt" "A++(1232) and 7P — > tt"'" A°(1232), based on the effective Lagrangian 
method, beyond the resonance region, Ecm ^ 2 GeV. We employ the tt- and p-meson Regge trajecto- 
ries in the t-channel, in addition to the proton- and A-pole, in the s- and w-channels respectively, and 
the contact-interaction contributions. A specific scheme for the form factor which satisfies the Ward- 
Takahashi identity, crossing symmetry, and on-shell condition, is taken into account. To discuss the 
validity of the Regge approach within the Effective Lagrangian method, we also consider a smooth 
interpolation between the Regge- and Feynman-propagators for the f-channel meson exchanges as 
a function of -^s. We present the numerical results for the energy and angular dependences of the 
cross sections, and double-polarization observable. It turns out that the present framework shows 
the significance of the 7r-exchange and contact interaction terms to reproduce the experimental data 
qualitatively well. Especially, the interpolation between the two propagators plays a crucial role to 
reproduce the high-energy experimental data. The 7r+ decay-angle distribution is also studied using 
the A^^-decay frame, i.e. the Gottfried-Jackson frame. The present results will be a useful guide 
for future high-energy photon-beam experiments. 
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I. INTRODUCTION 

Hadron productions via various scattering processes have been one of the most important experimental and the- 
oretical methods to investigate the strongly-interacting systems, which are governed by the fundamental theory, i.e. 
quantum chromodynamics (QCD), in terms of the color-singlet degrees of freedom. Among the various production 
processes, photo and electro-productions have been proved to be very useful. Since the photon is a clear probe, these 
production processes are well suited for investigating hadronic properties, such as the structures, the reaction mech- 
anisms, and so on. Moreover, the nonstrange-meson electro and photoproductions are an extremely good method to 
investigate the baryon-resonance search. On top of these specific features, according to the gauge-boson nature of the 
photon, the photocoupling constrains the scattering processes in such a way that the Ward-Takahashi (WT) identity 
must be satisfied to all orders of Feynman diagrams. Due to this constraint, one can simply identify the necessary 
Feynman diagrams for a certain scattering process. 

Experimentally and theoretically, meson electro and photoproductions have been well studied in various ways. For 
instance, in the previous work employing the Rarita-Schwinger formalism for spin-3/2 fermions, it turns out that 
the contact term interaction, which is responsible for conserving the WT identity, plays a dominant role for the 
A(1520) photoproduction. If this is the case, there appears the difference of the production rate between those from 
the proton and neutron targets related to their isospin structures in each reaction process. Interestingly enough, this 
theoretical consequence has been confirmed by the experiments [2| , and supported theoretically [3] . We also note that 
the formahsm used in Refs. pQ [H |S] reproduced the presently available data qualitatively very well [S]. Moreover, 
the recent beam-energy upgrades of the experimental facilities, such as the CLAS12 at Jefferson laboratory [5] and 
the LEPS2 at SPring-8 [5, may shed light on the measurements for new high-energy data for various photo and 
electroproduction processes. 

In consideration with the success of the theoretical framework employed in Refs. [Ulllinj and the present experimen- 
tal situation mentioned above, we are motivated to investigate the charged pion (tt^) photoproduction off the proton 
target with A(1232,3/2+) baryon, — 7r~A++ and jp — )■ tt'^'A'^, beyond the resonance region Ecm ^ 2 GeV. Al- 
though there are other isospin channels in the final ttA state, we would like to focus on these charged pion productions 
in the present work, because of the abundant experimental data for these specific channels. It is also worth mentioning 
that these elementary processes are important ingredients to study two pion photoproduction 7A'' — ^ ttttN. As for the 
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low-energy region, the photo and electroproductions for these elementary-reaction process were already investigated 
in Refs. |10 1 111 ) . In those works, it turns out that the reaction process contains various contributions, such as those 
of the Born terms including the nucleon and baryon resonances, the final- (FSI) and initial-state (ISI) interactions, 
and the Regge poles. However, as will be shown in the later Sections of the present work, only the Born terms and 
Regge pole contributions almost saturate the reaction process in the high-energy region beyond the resonance region 
Ecm ?J 2 GeV. In, Ref. [12], the scattering amplitude for 7iV ttA was also parameterized phenomenologically by a 
simple one-pion exchange. The Regge poles and absorption corrections were employed for the A-photoproduction in 



As a theoretical framework, as done in Refs. [U [5], we make use of the effective Lagrangian method and mesonic 
Regge trajectories. Since we are interested in the energy range beyond the resonance region as mentioned, we will 
not consider the resonant contributions in the present work for simplicity. Thus, our strategy to investigate the A 
photoproduction is quite simple: We take into account the tt- and p-meson Regge trajectories in the t channel for 
describing the high-energy experimental data, in addition to the tree-level Born terms, such as the the proton- and 
A-pole, in the s- and w-channels respectively, and contact-term contributions. In treating A theoretically, we make 
use of the Rarita-Schwinger vector-spinor formalism [14]. In addition to these ingredients, we also take into account 
an interpolation between the Feynman and Regge propagators in the t-channel meson-exchange, considering that the 
Regge contributions can still affect on the process even in the low energy region. We utilize an ansatz devised for this 
purpose, which was proved essential to reproduce the low- and high-energy data simultaneously [5]. All the relevant 
scattering amplitudes are constructed in terms of the tree-level Born approximation without resonant contributions 
as mentioned. To consider the spatial distributions of the hadrons involved, we introduce the hadron form factors in 
a gauge-invariant scheme which preserves the Ward-Takahashi identity with the Regge propagators as done in jS] I15j . 

From the numerical analyses, we will compute the energy and angular dependences of the cross sections, polarization- 
transfer coefficients, and 7r+ decay-angle distribution of the process under various conditions. It turns out that 
unpolarized physical quantities, such as the energy and angular dependences are reproduced qualitatively well beyond 
the resonance region Ecm ?J 2 GeV as compared to the presently available experimental data. We also discuss the 
appearance of the strong peak in the forward-scattering region which is decreasing as the photon energy increases. 
It turns out that this forward peak is generated by the i-channel pseudoscalar-meson (tt) exchange. The angular 
dependence da/dt shows that the present framework is not enough to reproduce the experimental data for the region, 
where < 3.5 GeV and —t > 0.05 GeV^. Nevertheless the present theoretical framework provides a very good 
agreement with the experimental data for the high-energy region beyond E^ w 5 GeV. Especially, the interpolation of 
the Feynman and Regge propagators plays an important role to reproduce the data appropriately. From the numerical 
results for the tt"^ decay-angle distribution, e find that the contribution of the p-meson exchange is small, but the 
contact-term contribution and the 7r-exchange are significant both of which compete with each other in the relatively 
low energy region. In contrast, only the contact-term contribution dominates the process in the high-energy region. 

The present work is structured as follows: In Section II, we briefiy explain the theoretical formalism such as the 
effective Lagrangians for the relevant interactions, gauge-invariant scheme for the form factors, and mesonic Regge 
trajectories to compute the reaction process which we are interested in. Numerical results and related discussions are 
given in Section III. We summarize and close with a conclusion in Section IV. 



In this Section, we explain the theoretical framework for the present calculations for the 'yp — ttA reaction process. 
First, we present the relevant Feynman diagrams for the present reaction process at the tree- level Born approximation 
in Fig. [l] The four momenta of the particles involved are also given there. We will consider the (s, u, <)-channel 
baryon and meson exchanges, and the contact-term contributions. The contact term is necessary for preserving the 
WT identity of the scattering amplitude as shown in [T]. The interaction Lagrangians for each vertex are defined as 
follows: 
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where et stands for the electric charge of the hadron h, whereas e is the unit electric charge. A, P, V , N, and 
A denote the fields for the photon, pseudoscalar and vector mesons, nucleon, and A, respectively. The magnetic 
moment of the proton is 2.79/ijv, giving Kp — 1.79 for the present case |16j . The antisymmetric tensor is defied by 
a — i(7;^7iy — 7iy7;j)/2, and the F^j^ and V^^, are the field-strength tensors for the photon and vector meson, respectively. 
Note that Fi^4 are the multipole moments of the A, corresponding to the monopole, dipole, quadrupole, and octupole 
ones. Since there are no experimental and theoretical information for the and F4, we will ignore them for brevity 
in the numerical calculations. As for A"*""*", we have Pi = ca and P2 = /iA++ = (3-7 8.5)/ijv from the average 
value of the experimental data |16) . From the theoretical calculations, such as the model- independent way of the 
chiral quark soliton model (xQSM) [T71 [TH] and the SU(6) quark model [H], it was estimated as (5.34 ^ 5A0)fij\[ 
and 5.58/iAr, respectively. Hence, the middle value from Ref. [161, 5.6/ijv must be a reasonable choice for numerical 
calculations, which leads to ka++ — 3.6. As for the neutral A, we employ k^o — —0.063 [16 . The coupling 
strength of g-^NA can be computed from the experimental data of its full decay width Ta^-kN ~ (116 ^ 120) MeV 
with FA/rA-i-TrA' ~ 100% [20 . By using the Yukawa vertex, defined by Cpna in Eq. ([T]), we obtain the following 
relation |2T1: 
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where p^at indicates the three momentum of the decaying particle which can be easily calculated by the Kallen 
function [20] : 
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Substituting the experimental information, sa 138 MeV, Mn ~ 939 MeV, and Ma w 1232 MeV, into Eq. ^ 
and using Eq. (§, one is led to gj^NA ~ (2.14 ~ 2.18). In numerical calculations, we will make use of gpNA = 2.16 
as a trial. As for the p-meson exchange, the value of g-yj^p can be estimated by using the interaction Lagrangian in 



Eq. (fll) for the experimental data r„ 



68.59 keV, and we have it as 0.245/GeV for the charged decay. The 
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9vWa stand for the relevant strong coupling strengths at the vector-nucleon-A vertex. Again, taking into account 

the limited information on these couplings, we will set them zero as a trial, except for (?y^A = 9pNA- Using a mesonic 
model, the value of gpMA was determined as (3.5 ^ 7.8) from Ref. [H] and references therein. We will use the average 
value for it, gpNA = 5.65 for the numerical calculations. 

Using the interaction Lagrangians defined in Eq. ([l| for the 7p — 7r~A"'""'" and 7p — > tt+A" reaction process, we 
construct the gauge invariant amplitudes for the s-, u-, and t-channel contributions: 
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where fci, /c2, pi, and p2 are the momenta of the incident photon, outgoing pion, target proton, and recoiled A. 
I?7r,p = l/(^ ~ Al"^ p) are the t-channel tt and p-meson propagators, respectively. Ps,u.t stand for the phenomenological 
hadronic form factors to consider the spatial distributions of the relevant hadrons: 
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where the subscript x stands for the Mandelstam variables and the mass of the off-shell hadron in the x channel f53]- 
I25j . The cutoff mass A will be determined to reproduce the experimental data in the next Section. G^^ denotes the 
projection operator for the spin-3/2 fermion, assigned as 
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Although the spin-3/2 projector is defined as above, we will simplify it by setting G^jy « g^jy, which is verified that 
no significant distinction is observed by this simplification as long as we are interested in the two-body final-state 
reaction process. Following the prescription suggested and employed in Refs. [U HI [5l [23H25] . we employ an overall 
form-factor F to maintain the WT identity of the scattering amplitude, 
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(7) 



We note that this form-factor scheme preserves the gauge invariance, crossing symmetry, and on-shell condition of 
the form factors, simultaneously. The electric charges in Eq. Q are assigned as (e7r,eAr,eA) = (— e, +e, +2e) and 
(-|-e, -|-e, 0) for the 7r~ and tt^ photoproductions, respectively, to satisfy the electric-charge conservation. 

As mentioned previously, since we are interested in the region beyond that of the resonances, it is necessary to take 
into account a method to go over the Born approximation which is believed to be reliable only for the low energy 
region. As in Ref. [SHZl [551 123, the prescription of the Regge-trajectory for the t-channel meson pole is one of the 
most successful and practical method for this purpose. As for the case of the 7p — >■ i4r+A(1520) photoproduction [S], 
where threshold energy is about « 1.67 GeV, the Regge contribution becomes significant beyond iJ^ « 4 GeV. 
Furthermore, the Regge contribution turns out to be responsible for reproducing the angular dependence of the 
scattering process correctly, especially for the momentum-transfer t dependence, i.e. da/dt in the high-energy region. 

In the present work, we will consider the Regge trajectories for the pion and rho meson in the t-channel. However, 
for simplicity, we will not consider the axial-vector and tensor mesons, such as the ai(1260, 1"*"), 5i(1235, 1"*"), and 
02(1320,2+), and so on. As discussed in Refs. [SJ the prescription for the Reggeization can be applied to the 
present framework by replacing the t-channel Feynman propagators in the invariant amplitudes in Eq. Q with the 
following one: 
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where ax denotes the Regge trajectory for the meson A" as a function of t with the slope a'-^. Jx and mx stand 
for the spin and mass of the meson, respectively. Here is a caveat; in deriving Eq. ([8|, all the even and odd spin 
trajectories are assumed to be degenerate, although in reality these trajectories are not degenerated [51 [71 E51 [^. 
Moreover, for convenience, we have set the phase factor for the propagators to be positive unity as done in Ref. |15| . 
The cutoff parameter sq is chosen to be 1 GeV conventionally [3 [2Z1- Since the F function in Eq.Q plays 
the role of the form factor in the Feynman propagator to suppress the divergence of the Regge propagator at the 
singularities sm^iraxit)] = 0, we will not consider the form factors given in Eq. Q, setting all of them to unity for the 
Regge-trajectory calculations. Hereafter, we use a notation zA^^^sgo fQj. ^j^g amplitude constructed with the Regge 
propagators in Eq. ([s]). We list the relevant inputs for the Regge trajectories in Table |lj 
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Jx 


a'x 






140 MeV 





0.7 


P 


1" 


770 MeV 


1 


0.8 



TABLE I: Relevant inputs for the Regge trajectory of the meson X. 



Let US now discuss the gauge invariance of the present invariant amplitude where the tt and p exchanges in Eq. Q 
are Reggeized with the Regge propagators in Eq. ([s]). Following the procedure in Refs. [6} [71 [27H29] for the t-channel 
Reggeization, we write the Reggeized amplitude for the tt exchange as 

iM = «A^yj:^) + {iMs + iMu + iMc). (9) 

It is, then, easy to show that the amplitude in Eq. ([9| does not satisfy the current conservation (WT identity) as 
follows: 

ki ■ {iM) = ki ■ {iMf^lf + iMf + iM^ + iMc) ^ 0. (10) 
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Hence, the sum of the 7r-exchange in the ^-channel and electric s- and u-channel contributions must be zero to 
satisfy the gauge invariance, whereas the p-exchange and magnetic contributions are automatically zero, due to their 
antisymmetric nature. To satisfy the gauge invariance, we follow the prescription, suggested in Refs. [3 Ul [?7H^ as 



^Mf;f^ + ^Mf 



+ iMt: + iMc 
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where we set Fs_„ and F to be unity for the lA^^^sgc Thus, the Reggeized amplitude can be written as follows: 



Rcgge 
*(P) ' 



(12) 



where the superscript M denotes the magnetic contributions of the s and u channels. 

We recall that the Regge propagators should work properly for the energy and momentum transfer (s, \t\) — > 
(oo,0), but in practice the Regge contributions could nevertheless affect even in the low-energy region (s, |i|) — >■ 
(sthreshoid J finite). Thus, it is physically reasonable to suppose that the meson propagators are smoothly shifted from 
the Regge one at high energy for s > SRoggc to the usual Feynman one in the low energy for s < SRoggo- Here, SRogge 
indicates a certain value of s from which the Regge contributions become effective. As discussed in Ref. [5j in detail, 
there is no unique scheme to interpolate these two regions. Thus, as a trial, we introduce to the relevant invariant 
amplitudes in Eq. Q an ansatz which interpolates between the Feynman and Regge realms by redefining the form 
factors as follows: 



F^F,= [{t- Af^)Vx] n + F{l- 11), 
where the ansatz for the interpolation reads 
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Here, s' denotes a free parameter to make the argument of tanh in Eq. ( 14 ) dimensionless. It is easy to understand 
that TZ goes to unity as s — cx) and approaches to zero as s — > 0. This asymptotic behaviors of TZ ensures that Fc in 



Eq. (13 1 interpolates the two energy regions smoothly. As already shown in Ref. [5], this interpolation could describe 
qualitatively very well the low- and high-energy region data, simultaneously. We will determine the parameters, SRoggo 
and s', with experimental data in the next Section. We want to indicate the difference of the interpolation function in 
the present work from that in Ref. [5] briefly. In the previous work, there was an additional term which was multiplied 
to Eq. (14) as a function of t, as we considered the t dependence of the Regge trajectories. However, since we verified 
that it is not effective for a considerably wide energy range we will ignore such a ^-dependent term here, and as a 
result, we have the interpolation function as a function of s as in Eq. (14). Consequently, as discussed above, we will 



have three distinctive models in the following Sections, assigned as: 

1. Born: The scattering amplitude is defined with the conventional Feynman propagators with the phenomenolog- 
ical form factors as in Eqs. (|4]), ([s]), and ([7|. 



2. Regge: The scattering amplitude is modified by the Regge contributions without form factors as in Eq. (12). 



3. Interpolation: The Regge approach is modified by the interpolation formula and ansatz in Eqs. (13) and (14) 



III. NUMERICAL RESULTS AND DISCUSSIONS 



In this Section, we present the numerical results for the various physical observables such as the energy and angular 
dependences of the cross sections for the two charged pion phot opro duct ion processes. We also show the numerical 
results for the polarization-transfer coefficient {C^^z) [H [Ml IM] and the 7r+-decay angle distribution [51 for the 
two production processes. The results are compared with experimental data, and we provide theoretical estimations 
useful for future experiments. 

First, we investigate the unpolarized total cross section as a function of the photon energy in the three different 
models. We present the results for the tt" photoproduction in the left panel of Fig. [2] in which the solid, dotted, 
and dot-dashed lines correspond to the Born, Regge, and interpolation models, respectively. The experimental data 
are taken from Refs. [33k35j . All the calculations are performed with the cutoff mass A « 450 MeV, determined to 
reproduce the data. Note that this cutoff mass is about 25% smaller than that for the A(1520) photoproduction [Tl|4l|5]. 
The simple Born model provides qualitatively good agreement with the data, whereas the Regge one corresponding 
to 7?, = 1 shows overshoot in the lower energy region. This observation indicates that the simple replacement of the 
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t-channel Feynman propagators with the Regge ones in the present case does not work so well. In the application 
of the interpolation ansatz with the relevant parameters determined as SRegge = (3.5 GeV)^ and s' = (2.5 GeV)^, we 
obtain a reasonable result as shown in Fig. [2] These values indicate that the Regge contribution starts to dominate 
the present reaction process beyond ^/s ~ 3.5 GcV. As for the 7r+ photoproduction, it turns out that one needs much 
smaller cutoff mass to reproduce the experimental data qualitatively, i.e. A « 200 MeV as shown in the right panel 
of Fig. [2] for the Born and interpolation models. Note that this cutoff value is much smaller than that for the tt" 
photoproduction, signaling that there can be considerable contributions from those beyond the ground-state nucleon, 
for instance. The numerical results for the Born and interpolation models show similar energy dependence, whereas 
their strengths are rather different, although the experimental data contain sizable uncertainties in this channel. Note 
that the Regge-model result strongly overshoots the data which are not depicted here. 

The left panel of Fig. |3] shows the differential cross section for the 7r~ photoproduction as a function of for the 
three different angles, 6 — (0, 30°, 60°) with the same legends for the lines with those in Fig. [2] At the very forward 
angle 9 = 0, the strength of the cross section decreases monotonically for the three cases without showing significant 
differences. On the contrary, as the angle increases, the difference between them becomes obvious, according to the 
considerable contributions from the Regge trajectories. The difference between the models with and without the 
interpolation turns out to be moderate for 9 > 30°, and becomes negligible at 6* = 60°. 

In the right panel of Fig. [3j we draw the differential cross section as a function of 9 for different energies, Ery — 
(2, 6, 10) GeV, presented in the same manner with the left panel. From this we can conclude that there is the strong t- 
channel contribution, which makes a peak in the forward scattering region. This tendency is rather different from that 
of the A(1520) photoproduction, in which case the contact-term contribution dominates the reaction process [HllllS]. 
As the energy increases, the overall strength of the differential cross sections become smaller and the peak position 
moves to the vicinity around 9 = 0. We will discuss the shift of the peak-position in detail below. We note that the 
Born and interpolation models provide almost negligible contributions in the backward scattering region, 9 > 60°, 
which can be understood easily from the left panel of Fig. [3] the smaller strengths for the larger angles. 

Now, we are in a position to discuss the momentum-transfer dependence of the present reaction process, represented 
by da/dt as a function of —t in Fig. [4] The three cases for the Born (A), Regge (B), and interpolation (C) models 
are presented separately for the four different energy ranges, = (2.4 ~ 2.8) GeV, (2.8 ^ 3.6) GeV, (3.6 ^ 4.4) 
GeV, and, (4.4 ~ 4.8) GeV, in which the shaded band stands for each energy interval. The experimental data are 
taken from Ref . [36] . As for the Born model (A) in Fig. |4| the experimental data are qualitatively well reproduced 
in the region —t = (0.05 ^ 0.2) GeV^. Outside that region, only the high energy data around E^ 4.6 GeV are 
relatively in good agreement with the theoretical prediction. In other words, these observations tell us that there 
can be missing contributions for the lower energy region in the present framework, especially for the small \t\ region. 
Such discrepancies indicate that one may need to consider further contributions from the N and A resonances around 
Ecm = (2 ~ 3) GeV and possibly from other kinds of i-channel meson exchanges, which we are not considering 
here. As we take into account the Regge contributions as shown in the panel B, there appears strong enhancement 
for the region beyond —t > 0.2 GeV^, which overshoots the data. Again, this unexpected overestimation is tamed 
by including the interpolating ansatz as seen in the panel C of Fig. |4] which leads to relatively a good agreement 
with the experimental data. In the panel D, we draw each contribution separately for the da/dt at E^^ = 2.4 GeV, 
using the Born model, in order to see which contribution is essential to produce the curve. As shown there, the tt- 
exchange and contact-term contribution dominate the forward scattering region, whereas the others are considerably 
small. Moreover, one can easily see that the contact-term contribution makes the peak shifted to the smaller t region 
{—t « 0.01 GeV^). By comparing this observation with the right panel of Fig. [s] and seeing the shift of the peak, one 
can easily find that the contact-term contribution gets prevailing over the 7r-exchange as E^ increases, although the 
contribution of the 7r-exchange is still dominant. In the panel E of Fig. [5j we also show the numerical results, using 
the interpolation model, for the 7r+ photoproduction. Again, we observe similar tendency with that for the 7r~ one. 

In Fig. |6j we present the numerical results of the momentum-transfer dependence, da/dt for the higher photon- 
energy regions, E^ = 5 (A), 8 (B), 11 (C), and 16 (D) GeV. The experimental data are taken from Refs. [57U39) . 
Similarly, we draw the three models, the Born (solid), Regge (dot), and interpolation (dash), separately. It can be 
clearly seen that the interpolation model yields considerably excellent results in comparison with the experimental 
data. We also find that the results from the Born approximation are only reliable below —t w 0.1 GeV^ for all the 
photon energies. Beyond this value, we observe that the Regge contribution plays a critical role as shown in the 
panels of Fig. [6j At the same time, the interpolation ansatz works very well for these relatively high energy ranges. 
For instance, we see that the value of TZ becomes about 0.4, which indicates that the contributions from the Regge 
and Feynman propagators are almost in the same portion, for E^ = 5 GeV. As expected, much higher energy such as 
Ey = 16 GeV, the TZ becomes almost unity, i.e. the Regge propagator prevails almost completely over the Feynman 
one. As for the tt"*" photoproduction, we again find a qualitative agreement with the data as shown in the panel E 
of Fig. [rj although sizable deviation observed in comparison to that for the 7r~ one. Hereafter, we will show the 
numerical results only from the interpolation model, since we have proven that it has reproduced the experimental 
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data qualitatively well so far. 

Now, we want to discuss the polarization physical quantities especially for the 7r~ photoproduction, such as the 
polarization-transfer coefficients C^^z and related pion-decay distribution. Among the polarization observables in a 
meson photoproduction, Cx and Cz are identified as the spin asymmetry along the direction of the polarization of the 
recoil baryon with the circularly polarized photon beam. First, we define the polarization transfer coefficients in the 
(x', ?/', z')-coordinate, being similar to those for the spin-f/2 hyperon-photoproduction as in Refs. [30l I31j: 

dcr da da da 

_ dnrfi.+S^, dilr.O.-S^, „ _ dnr.Q, + S^, dnr,0,-S^, ,^^\ 

^x',\S,,\ - — 1^ , ^z'.,\S,,\-^ , da ' '^^'^) 

dClrfi.+S^, ^ dnr,Q.-S^, dnr,0, + S^, ' dQr-.O.-S^- 



where the subscripts r, 0, and zLSx/z' stand for the right-handed photon polarization, unpolarized target nucleon, 
and polarization of the recoil baryon along the x'- or z'-axis, respectively. Since the photon helicity is fixed to be 
-f 1 here, Cx' and Cz' measures the polarization transfer to the recoil baryon. Moreover, Cx' and Cz' behave as the 
components of a three vector so that it can be rotated to the (a;, y, z)-coordinate as: 




cos Ok sm Ok 
— sin 6k cos 6k 




(16) 



where the (x, y, z, )-coordinate stands for that the incident photon momentum is aligned to the z-axis. These polar- 
ization quantities were already investigated for the spin-1/2 [31^ and spin-3/2 01 [S] baryons. The numerical results 
for Cx,z are presented in Fig. Isj employing the interpolation mode onlyl, for different values. All the results 
show Cz = 1 and C^, = in the collinear limit, i.e. at cos 61 = ±1, due to the helicity conservation. Generally, 
we observe very complicated structures for the vicinity cos 6 > 0.5, since there happen complicated interferences 
between the 7r-exchange and contact-term contributions. For > 8 GeV, the shapes of the curves remain relatively 
unchanged. This tendency, negligible changes for the higher photon energies, was already observed for the A(1520) 
photoproduction [HIS]. We expect that these Cx^z for the A photoproduction at high energy can be measured by 
CLAS collaboration Jefferson laboratory, considering their upgrading photon-beam energy and high performance of 
the circular photon polarization, as already done for the ground state A hyperon, i.e. A(1192) [30] . 

Our last topic is the tt~^ decay-angle distribution function for the tt~ photoproduction process. The decay-angle 
distribution has been already discussed experimentally for the A(1520) photoproduction [5^ 142) . Theoretically, it was 
also explored in the previous work [H [5] . The decay-angle distribution is the angle distribution of tt~^ that decays via 
A++ TT+p in the i-channel helicity frame, i.e. the Gottfried- Jackson frame [43]. Schematic figures for this frame 
and kinematics are shown in Fig. [9] in which the decay angle (j) is defined. From this distribution function one can 
see which meson-exchange is dominating the production process. According to the spin statistics, the distribution 
function becomes proportional to sin^ (j) for A++ in Sz — ±3/2, whereas | -I- cos^ <j) for A++ in Sz = ±1/2. As 
Ref. [42l|44], considering all the possible contributions, we can parametrize the distribution function as follows: 



= A sin^ (t) + B {^^+ cos^ 0j , (17) 

where we have used a notation J-^+ indicating the distribution function for convenience. The coefficients A and B 
stand for the strength of each spin state of A++ with the normalization condition A + B — 1. In other words, if 
A > B, one can think that the spin-1 particle exchange or an equivalent contribution in the t channel dominates 
the scattering process, and vice versa for the spin-0 particle exchange. We note that there can be other hyperon 



m 



contributions beside A++ so that one can add an additional term to Eq. (17) representing the interference effects. 
However, we will ignore it for simplicity as done in Refs. [HIS]. 

Now, we want to provide theoretical estimations on . Note that we again only show the numerical results for the 
interpolation model hereafter. Since the outgoing pion (tt" ) carry no spin, all the photon helicity will be transferred 
to A"*""*" through the exchanging particle in t-channel. Hence, it is natural to think that the polarization-transfer 
coefficients in the z direction should relate to the strength coefficients A and B. Therefore, we can write A and B in 
terms of Cz^i/2 and Cz^3/2 as follows: 

. _ Cz,3/2 _ CzSl2 , . 

:rr ' Tr ' 

'-'2,1/2 + "-^2,3/2 ^2,1/2 I "-^2,3/2 

which satisfy the normalization condition. In other words, A denotes the strength that A++ is in its Sz — ±3/2 



state, and B for Sz — ±1/2. In Fig. 10 we depict the distribution as a function of 4> for different 6 = (10 50)° and 



E^ = (3,9) GeV. As for the lower energy [E^ = 3 GeV), the numerical results tell us that the scattering process is 
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mainly dominated by the spin-1 exchange or equivalent contribution for the very forward scattering angles. Moreover, 
this observation indicates that the contact-term contribution dominates the process, since it can be interpreted 
equivalently as a spin-1 exchange, and the contact-term one is much more effective than that of the p-exchange as 
discussed above. However, for the angle around 9 — 30°, the spin-0 exchange, i.e. 7r-meson exchange, contributes 



significantly, denoted by the short-dash line in the left panel of Fig. 10 Beyond that angle, again, the contact-term 
contribution prevails over that from the spin-0 one. As for the higher energy region, the situation becomes quite 
different from the lower energy case. In the right panel of Fig. IIOI we show the decay-angle distribution for = 9 
GeV. We see that, for all the 7r~ angles, the contact-term contrioution dominates the process, in addition to the tiny 
p-meson exchange one, as understood from the panel D in Fig. |4] 



IV. SUMMARY AND CONCLUSION 



In the present work, we have investigated the photoproduction of the charged pion with the A(1232, 3/2+) baryon 
off the proton target at tree level, using the effective Lagrangian method beyond the resonance region. We took 
into account the nucleon- and A-pole diagrams corresponding to s- and u-channel contributions, respectively. The tt 
and p exchanges are considered in the t-channel. In order for the gauge invariance of the scattering amplitude, the 
contact-term contribution was further included together with the gauge-invariant scheme for the form factors. The 
Regge trajectories for the tt and p mesons are introduced to describe the high-energy experimental data correctly. 
We introduced an ansatz designated to interpolate the Feynman and Regge propagators. These three different cases 
were assigned as the Born, Regge, and interpolation models. It turned out that the present numerical results are in 
good agreement with the experimental data and could provide useful theoretical guides and estimations for the future 
experiments. We list the important observations in the present work as follows: 

• Unpolarized physical quantities such as the energy and angular dependences of the cross sections are reproduced 
qualitatively well beyond the resonance region Ecm ^ 2 GeV for the interpolation model, in comparison to the 
presently available experimental data. 

• We observe a strong peak in the forward-scattering region which is suppressed with respect to E^. It also 
turns out that this forward peak is generated by the i-channel pseudoscalar-meson (tt) exchange on top of the 
subleading contact-term contribution, although the latter gets stronger as E^ increases. In general, the peak 
shifts to the very forward region as E^ increases. 

• The momentum-transfer dependence of the da/dt shows that the present framework is not enough to reproduce 
the experimental data for the region E^ < 3.5 GeV and ~t > 0.05 GeV^ The observed discrepancy may indicate 
the necessity of the further unknown contributions from the higher-spin meson exchanges in the t channel as 
well as the baryon resonances, which are not taken into account in the present work. 

• On the contrary, the present theoretical framework provides a very good agreement with the experimental data 
for the high-energy region beyond Ej ^ 5 GeV. Especially, the ansatz for the Feynman-Regge interpolation 
plays an important role to reproduce the data correctly. 

• We also present the numerical results for one of the various double polarization observables, i.e., the polarization- 
transfer coefficients Cx,z- Satisfying the condition of the coUinear- limit for E^ > 8 GeV, the observable Cx,z 
remains almost unchanged, whereas nontrivial structures are shown at the forward scattering regions due to the 
interference between the contact-term and tt exchange contributions. 

• From the numerical results in the tt"*" decay-angle distribution function, we find that in the low energy region 
the spin-1 exchange (small p- meson exchange plus the large contact-term contribution) and that of the spin-0 
(TT-exchange) competes with each other, depending on the 9 angles. In contrast, only the spin-1 exchanges, such 
as the contact-term contribution with the small but finite p-meson exchange give the dominant contribution to 
the process in the high-energy region, i.e. the contact-term contribution. 

In conclusion, the present theoretical framework can reproduce the available experimental data qualitatively well, 
although other resonances and higher-spin meson exchanges are not considered here. The deviations observed in the 
region Ej < {3 ^ 4) GeV, therefore, could be improved by taking into account those contributions. Especially, it also 
turns out that the role of the Feynman-Regge interpolation is very crucial to reproduce the experimental data correctly 
in the higher-energy region. Moreover, being different from the A(1520,3/2^) photoproduction where the contact- 
term is dominant, the t-channel meson exchange and contact-term contributions are competing with each other in 
the A(1232, 3/2+), especially for the lower-energy region. The results from the present theoretical work would be the 
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useful guides and estimations for the high-energy photon-beam experiment, such as the future experiments planned 
in the LEPS2 at SPring-8 and the CLAS12 at the Jefferson laboratory, for instance. More sophisticated works, with 
other ttA isospin-channels, nucleon resonances and other contributions, are under progress and will appear elsewhere. 
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FIG. 1: Relevant Feynman diagrams for the 7rA(1232) reaction process. 
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FIG. 2: (Color online) Total cross sections for the 7p — ^ tt" A"*""*" (left) and 7p — >■ 7r"'"A° reaction processes as a function of Ej. 
Experimental data are taken from Refs. [33] (Ballam (i)), [31] (Struczinski (i)), [35] (Ballam (ii)), [10] (Struczinski (ii)), and 
[41| (ABBHHM). We show the curves from the numerical results for the Born terms (solid), that plus the Regge (dot), those 
with the interpolation (dash), separately. For more details, see the text. 




FIG. 3: (Color online) Differential cross section for 7p — >■ 7r~A"'""'" as a function of for different angles 8 — (0,30°, 60°) for 
the Born terms (solid), that plus the Regge (dot), those with the interpolation (dash), separately in the left panel. In the right 
panel, we plot the differential cross section as a function of 9 for different energies, E-y — (2, 6, 10) GeV, represented in the same 
manner with the left panel. 
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FIG. 4: (Color online) Momentum-transfer dependence da/dt [/ib/GeV^] for 7p — )■ tt~ A'^'^ as a function of —t [GeV'^] for the 
low-energy region E.y = (2.4 ~ 4.8) GeV for the Born (A), Regge (B), interpolation (C) models, separately. Experimental data 
are taken from Ref. I36_ (Barber). Each contribution is also drawn for — 2.4 GeV for the Born model (D). In the panel (E), 
we draw the numerical result for the 7p — > tt+A", using only the interpolation model. 
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FIG. 5: (Color online) Momentum-transfer dependence da/dt [/^b/GeV^] for 7p — ^ tt'^A" as a function of —t [GeV'^] for the 
low-energy region = (2.4 ~ 4.8) GeV for the interpolation model. Experimental data are taken from Ref. [36] (Barber). 
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FIG. 6: (Color online) Momentum-transfer dependence da/dt [/ib/GeV^] for 7p — )■ tt' -A++ as a function of —t [GeV^] for the 
high-energy region = (5,8,11,16) GeV in panel (A,B,C,D). Experimental data are taken from Refs. [J7 (Bovarski').[38j 
(Anderson), and 09] (Quinn). 
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FIG. 7: (Color online) Momentum-transfer dependence da/dt [/ib/GeV^] for 7J3 — >■ tt"'" A'' as a function of —t [GeV'^] for = 16 
GeV. Experimental data are taken from Ref. [31] (Quinn). 
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FIG. 8: (Color online) Polarization-transfer coefficients, Cx,z for the spin-1/2 and 3/2 components for jp n A'^^ as functions 
of COS0 for different photon energies, — (2,4,6,8, 10, 12) GeV, computed from the interpolation model. 
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FIG. 9: Feynman diagram for 7p — >■ 7r^7r~p in the left panel. In the box, the subsequent process, tpp — >■ — )■ vrp, is depicted, 
where ip indicates a meson exchanged. The diagram in the box can be interpreted using the Gottfried-Jackson frame as shown 
in the right panel. The angle (jj is defined by that between the initial and final particles. 




FIG. 10: (Color online) tt"*" decay-angle distribution for 7p — >■ vr A^"'" as a function of cos 0, which is the angle between the p 
and TT^ decaying from tA"^+ in the Gottfried-Jackson frame (see Fig. S|, for two different photon energies — (3,9) GeV. 



